The effect of low phosphate supply (low P) was determined on the diurnal changes in the rate of carbon export, and on the contents of starch, sucrose, glucose, and fructose 2,6-bisphosphate (F2,6BP) in leaves. Low-P effects on the activities of a number of enzymes involved in starch and sucrose metabolism were also measured. Sugar beets (Beta vulgaris L. cv. F58-554H1) were cultured hydroponically in growth chambers and the low-P treatment induced nutritionally. Low-P treatment decreased carbon export from the leaf much more than it decreased photosynthesis. At growth chamber photon flux density, low P decreased carbon export by 34% in light; in darkness, export rates fell but more so in the control so that the average rate in darkness was higher in low-P leaves. Low P increased starch, sucrose, and glucose contents per leaf area, and decreased F2,6BP. The total extractable activities of enzymes involved in starch and sucrose synthesis were increased markedly by low P, e.g. adenosine 5-diphosphoglucose pyrophosphorylase, cytoplasmic fructose-1,6-bisphosphatase, uridine 5-diphosphoglucose pyrophosphorylase, and sucrose-phosphate synthase. The activities of some enzymes involved in starch and sucrose breakdown were also increased by low P. We propose that plants adapt to low-P environments by increasing the total activities of several phosphatases and by increasing the concentrations of phosphate-free carbon compounds at the expense of sugar phosphates, thereby conserving Pi. The partitioning of carbon among the various carbon pools in low-P adapted leaves appears to be determined in part by the relative capacities of the enzymes for starch and sucrose metabolism.
The partitioning of carbon between starch and sucrose may be regulated by several mechanisms (15, 21, 31) . Some of these act over the short term, e.g. the fine control of cytoplasmic FBPasel by F2,6BP, and some may act over the long ' Abbreviations: FBPase, fructose-1,6-bisphosphatase; ADPG, adenosine 5-diphosphoglucose; DHAP, dihydroxyacetone phosphate; F6P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; F2,6BP, fructose 2,6-bisphosphate; G 1 P, glucose 1-phosphate; G6P, glucose 6-phosphate; G3P, glyceraldehyde 3-phosphate; p-NPP, p-nitrophenyl phosphate; PFD, photon flux density; PGA, 3-phosphoglycerate; PPase, pyrophosphate phosphohydrolase; RuBP, ribulose 1,5-bisphosphate; RuBPCase, ribulose-1,5 bisphosphate carboxylase/oxygenase; SPS, sucrose-phosphate synthase; triose-P, glyceraldehyde 3-phosphate + dihydroxyacetone phosphate; UDPG, uridine 5-diphosphoglucose.
term, e.g. changes in the amounts of enzymes occurring when plants adapt to a change in environment. The flow of fixed carbon to starch or sucrose synthesis is often viewed as a competitive process, i.e. when sucrose synthesis is diminished, more photosynthate is available for starch formation (e.g. when F2,6BP levels in the cytosol are high-see refs. 15, 21, 31) , and vice versa. Several researchers have proposed that when cytosolic Pi levels decline, less triose-P exits the chloroplast so that more of the newly fixed carbon goes to starch than to sucrose (12, 15, 21, 30, 31) . Indeed, when external Pi levels around isolated chloroplasts are lowered, the pool sizes of Calvin cycle intermediates are increased and this is associated with increased starch formation. Thus, there appears to be an "overflow" mechanism at work in which starch formation ensues when triose-P and other Calvin cycle intermediates are increased to high levels. Carbon partitioning in intact plants may also be affected by the rate of carbon export (31) . For example, if sucrose export from the leaf is slowed, high levels of sucrose may inhibit an enzyme in the sucrose synthesis pathway (e.g. SPS) so that there is a diversion of fixed carbon into starch. Alternatively, carbon export rates may be determined by the activities of key regulatory enzymes: high SPS activity has been shown to be correlated with high rates of export (31) . Thus, it is important to study both partitioning and export in the same system.
In the present work we use low-P stress, which is known to have significant effects on carbon partitioning, photosynthesis, and export (3, 6, 7, 10, 15, 22-24, 29, 35) , as a model system to explore the regulatory mechanisms controlling carbon partitioning in vivo. Here, we examine several factors which may influence carbon partitioning in low-P plants, including levels of F2,6BP, starch, sucrose, and glucose, total extractable activities of enzymes of starch and sucrose metabolism, as well as rates of carbon export and photosynthesis. Since the partitioning of fixed carbon may vary during the diurnal cycle, we have monitored changes in carbon partitioning and export during the diurnal period.
MATERIALS AND METHODS

Plant Culture
Sugar beets (Beta vulgaris L. cv F58-554H 1) were cultured hydroponically in growth chambers at 25°C, 500 ,mol * m-2 s-I photon flux density (400-700 nm) and a 16 h photoperiod (23) . Low-P and control treatments were established as described in Rao and Terry (23) and 5 week-old plants were used for all the measurements.
Estimation of Carbon Export
Leaf gas exchange was determined as described before (23) . Estimation of carbon export from the leaf was made using the method of Terry and Mortimer (34) . Leaf discs (1.77 cm2) were immediately frozen in liquid N2 and freeze-dried before determining the dry weights. The rate of export, T, was determined using the relationship, T = P-A, where P is the calculated rate of carbohydrate production due to CO2 fixation and A the rate of accumulation of dry matter. It was assumed that the dry matter changes in leaf were attributable to changes in carbohydrate-type compounds. To express CO2 uptake rate and transport rate in the same units, ,umol CO2 * m-2.s-' was converted to ,umol CH20* m-2 * I since a large proportion of leaf organic matter is represented by this empirical formula.
Extraction and Analysis of Leaf Starch, Sucrose, and Glucose Leaf discs (3.88 cm2) were sampled over a diurnal cycle into liquid N2 using a light-transmitting Plexiglas punch. Samples were ground immediately in 80% ethanol and incubated at 40°C for 18 h and subsequently centrifuged for 10 min at 10,000g. The supernatant was removed, evaporated to dryness and redissolved in 2 mL of H20. To remove Chl, 0.5 mL chloroform was added and the chloroform-water mixture centrifuged (6,000g, 10 min). The upper clear phase was removed and used for glucose and sucrose analysis (4) . Glucose concentration was determined with a glucose oxidase enzyme system (Sigma Chemical Company, procedure No. 510). Sucrose concentration was determined from the difference between total glucose upon addition of invertase (Sigma 14753) and free glucose as determined above. Sucrose-glucose levels were converted to sucrose by multiplying by a factor of 1.9 (after first subtracting the free glucose values). The residue from ethanol extraction was dried overnight at 55°C and starch concentration was determined as described in Fader and Koller (4) . The residue was gelatinized in 5 mL water for 2 h in a boiling water bath. Subsequently, 5 mL of 0.1 M acetate buffer (pH 4.5), 25 mg amyloglucosidase ((EC 3.2.1.3) (Sigma A9268), and 5 mL water were added to the sample. Gas release stoppers were inserted and the contents incubated at 55°C for 24 h. After incubation, the contents were mixed and centrifuged at 10,000g for 10 min and the supernatant retained for analysis. The resulting glucose concentration was measured as described above. Starch equivalents were obtained by multiplying the values by 0.9.
Extraction and Assay of Enzymes
For the assay of all the enzymes, crude homogenates were prepared by grinding, in a prechilled mortar and pestle, 30 leaf discs (16.62 cm2) with 10 mL of extraction buffer (100 mM Hepes-NaOH) (pH 7.7), 10 (18) with the following modification. The reaction mixture of the acid phosphatase assay was 0.5 mL of 0.5 M acetate buffer (pH 4.5), 0.2 mL of 45 mm p-NPP, and an aliquot of leaf extract with enough distilled water to bring the volume to 3 mL. In the case of alkaline phosphatase, acetate buffer was replaced by 0.5 M triethanolamine buffer (pH 9.8). The reaction proceeded at 3O°C for 10 min. At the end of the reaction, 1.0 mL of 0.4 N NaOH was added and the mixture was left for 10 min. After centrifugation, the A410 of the supernatant was recorded.
Extraction and Assay of Leaf F2,6BP
Leaf discs (3.88 cm2) were sampled over a diurnal cycle using a light-transmitting Plexiglas punch into liquid N2. One leaf disc was ground with liquid N2 in a mortar. The frozen powder was subsequently extracted in a medium of 0.5 mL containing 100 mM Tris-HCl (pH 8.0), 5 mM EDTA, 100 mM NaF, and 10 mM NaH2PO4. The extract was then placed in an 80°C bath for 5 min and centrifuged for 5 min in an Eppendorf (model 5414) centrifuge, and the supernatant was used for F2,6BP analysis as described in Fahrendorf et al. (5) .
RESULTS
Effect of Low-P Treatment on Carbon Fixation, Export, and Accumulation in Leaf Blades at Light Saturation
The rate of photosynthesis was measured at saturating PFD (>2000 ,umol . m2 * s-') and averaged over four successive 2-h intervals (Fig. IA) . The rate of photosynthesis did not change with time over the 8-h period of measurement (Fig. IA) . Low P reduced the rate of photosynthesis by 30 to 35%. Low-P treatment had a greater effect on carbon export than photosynthesis; carbon export from the leaf blades was reduced by 67 to 87% by low P, depending on the period of measurement (Fig. 1B) . There was some indication that carbon export rates increased with time over the first 6 hours of illumination in P-deficient plants. Because the rate of photosynthesis exceeded the rate ofexport over this 8-h period, low-P treatment resulted in high rates of carbon accumulation in the leaf blades (Fig. IC) .
Effect of Low-P Treatment on the Diumal Changes in Carbon Export from Leaf Blades
Rates of carbon export over the entire diurnal cycle were compared for low-P and control plants growing under growth chamber conditions, i.e. with a PFD of 500 umol. m-2 Ssupplied over a 16 h day-length (Fig. 2) . After the onset of illumination, the rate of carbon export in control leaves increased with time up to 8 h, then remained constant for the remainder of the light period. In low-P leaves the rate of carbon export decreased over the first 4 h, then increased to a maximum constant value by 8 h.
With the onset of darkness, carbon export in control leaves decreased to a much greater extent than in low-P leaves. The average rates of carbon export (,umol CH20 m2. s-1) in darkness were 2.88 + 1.64 and 6.73 ± 0.25 for control and low-P, while in light, the average values were 11.4 ± 1.54 and 7.53 Figure 2 . Effect of low-P treatment on the diumal changes in carbon export in sugar beet leaves. Measurements were made at growth chamber PFD (500 ,Umol.m-2_s-). Values are mean ± SD for three replications. ± 3.0 for control and low-P, respectively. Thus, low-P increased carbon export rates in the dark and decreased them in the light. Over the complete 24 h cycle however, low-P decreased carbon export by 15%. . Effect of low-P treatment on the diurnal changes (at growth chamber PFD) in partitioning of stored carbon between starch, sucrose, and glucose in sugar beet leaves. The average specific leaf dry wt for control and low-P leaves was 3.6 and 4.7 mg.Ccm2 while leaf Chl was 428 and 528 mg. m-2, respectively. Values are mean + SD for three replications. 3A). Starch contents in the low-P leaves in darkness did not decrease as soon as in the control leaves, there being a delay of 4 h before the starch contents fell. The average rate of starch accumulation in the light (in ,umol C. m2. s-') was 1.88 and 1.38 for control and low-P leaves, respectively (the average rate was obtained by subtracting the initial from the final starch value and dividing by 16 h). In darkness, the average rate of starch breakdown (final-initial values divided by 8 h) was -3.33 and -2.97 ,umol C m2 s-' for control and low-P, respectively. Thus, even though starch values were higher throughout the diurnal period in low-P leaves, starch was accumulated faster in control leaves in the light and broken down faster at night. Furthermore, the decrease in the rate of accumulation of starch by day in the low-P leaves was roughly equivalent to the decrease in the rate of photosynthesis, i.e. about 25%.
Sucrose contents were substantially higher (4-to 6-fold) in low-P leaves than in the control (Fig. 3B) . Sucrose, which is the principal sugar translocated in sugar beet (8, 17) , presumably accumulated to much higher levels in low-P leaves due to lower rates of sucrose export. When the growth chamber lights were switched on, sucrose levels increased rapidly in Later in the day, sucrose levels exhibited another increase, from 12 to 16 h. In darkness, sucrose contents decreased rapidly in the control leaves (within 30 min) while in low-P leaves there was no decrease until after 4 h had elapsed. Thus, in low-P leaves high sucrose contents were associated with higher rates of carbon export during darkness (Fig. 2) . Glucose contents of low-P leaves, like sucrose contents, increased in the first 30 min, held constant, then increased with time during the later part of the light period (Fig. 3C) . In control plants, glucose content was very low (about 5-10% of the low-P levels) and there was little change with time. With the onset of darkness, glucose in low-P leaves continued to increase for 4 h, then decreased in the second half of the dark period as did starch and sucrose.
Effects of Low-P Treatment on Enzyme Activities
The increase in starch/area with low-P treatment was associated with a marked increase (86%) in the total extractable activity of ADPG pyrophosphorylase (Table I) . Two other enzymes in the starch-synthesizing pathway, phosphohexoisomerase and phosphoglucomutase, were not affected by low-P treatment (results not shown). Starch breakdown enzymes, famylase, starch phosphorylase, maltose phosphorylase, and maltase, were increased by 59, 152, 203, and 215% of the control values, respectively, by low-P treatment (Table I) .
Low-P treatment increased sucrose contents to a marked degree and the increase in sucrose was associated with an increase in the total activities of sucrose-synthesizing enzymes (unlike in soybean where low-P resulted in low sucrose and low SPS activity [7] ). Low-P treatment increased the total extractable activity of cytosolic FBPase by 58%, UDPG pyrophosphorylase by 76%, and SPS by 97% (Table II) . Low-P treatment also increased the activity of acid invertase (which hydrolyses sucrose to glucose and fructose) 2.2-fold (Table II) . Sucrose synthase (which cleaves sucrose) was unaffected by low-P (Table II) . In very young sugar beet leaves, it has been shown that sucrose synthase represents the major means of sucrose breakdown; as leaves age, invertase becomes increasingly important (28) . The increased activity of acid invertase in low-P leaves almost certainly contributes to the increased levels of glucose.
A major characteristic of P-deficient plants is that they develop increased amounts of phosphatases (see ref. 2 for review), some of which may be located in the apoplast and vacuole. Low-P treatment increased alkaline phosphatase 2.1-fold, acid phosphatase 1.7-fold and ATP phosphohydrolase by 58%; PPi phosphohydrolase however, was unaffected by low-P (Table III) .
Effect of Low-P Treatment on the Diurnal Changes in Leaf F2,6BP F2,6BP levels in control leaves decreased on illumination and increased with darkness (Fig. 4) . In low-P leaves, F2,6BP levels tended to follow a similar pattern but the difference between light and dark was much less clear. Low-P treatment decreased F2,6BP levels substantially (up to 60%) at all points during the diurnal time period.
DISCUSSION
Over the short term, the inhibition of sucrose synthesis often leads to a build-up in Calvin cycle intermediates which then overflow into starch synthesis (as described in refs. 15, 31) . Such a simple overflow mechanism does not appear to account for the results obtained here. Under low-P conditions, levels of Calvin cycle intermediates were markedly reduced while starch levels were higher than in control leaves. This is evident from the RuBP values which are reduced by 65% (RuBP is found only in the chloroplast) and from the PGA values (most of which is thought to be stromal in origin) ( 15) which were reduced 79% by low-P. Thus, it would appear that some mechanism other than a simple overflow was responsible for the build-up of starch in the chloroplasts of low-P plants.
The partitioning of carbon between starch synthesis and sucrose synthesis is difficult to assess because there is no way ofdirectly measuring starch or sucrose synthesis. The amounts of starch or sucrose in the leaf depend on prior rates of synthesis and degradation, and in the case of sucrose, on export from the leaf as well. The high starch levels in low-P leaves indicate that prior starch synthesis rates were higher than prior starch degradation rates. The rate of starch accumulation in light was about 25% lower in low-P leaves than in the controls, a decrease commensurate with the decrease in the rate of photosynthesis, suggesting that the slower rate of starch accumulation was due to the decrease in photosynthetic rate. At night, starch degradation was also slower in low-P leaves, despite the increased total extractable activities of several starch degrading enzymes. In the present work, low-P treatment decreased F2,6BP in both light and dark (Fig. 4) . This could have resulted in an increased carbon flow to sucrose. Sucrose levels were four-to six-fold higher in low-P leaves compared to the control, and net rates of sucrose accumulation during the light were higher in low-P leaves than in control leaves (0.41 compared to 0.33 ,umol C.m-2 s-', respectively). However, in view of the marked reduction in carbon transport from the leaf, these higher rates of sucrose accumulation in low-P leaves were almost certainly due to the reduction of sucrose export and not to increased sucrose synthesis or decreased sucrose degradation.
Low-P treatment clearly increased the levels of starch, sucrose, and glucose in leaves. It may also have increased structural as well as nonstructural carbohydrates. Low-P treatment increased leaf dry weight per unit area by 30%. Only 9% (or less) of the increase in dry weight in low-P leaves was due to starch; the remainder ofthe increase in dry weight may well have been due to other carbon compounds such as cell wall polymers (cellulose and hemicelluloses). It is highly likely that the glucosyl donor for cellulose synthesis is UDPG, while pectic substances and hemicelluloses are formed from nucleoside diphospho-sugars that are made by direct interconversion from UDPG (see ref. 1 for review). The formation of UDPG for structural polysaccharide synthesis in leaves occurs mainly via UDPG pyrophosphorylase (1). Since our research shows that there were increases in the activities of cytosolic FBPase and UDPG pyrophosphorylase, it seems likely that the synthesis of UDPG would be higher under low-P conditions, facilitating an accumulation of structural carbohydrates (7) .
The results show that low-P treatment increased starch, sucrose, and glucose while at the same time diminishing levels of sugar phosphates in the chloroplast and leaf. There was not only a large reduction in the level of RuBP and PGA, but also in FBP, F6P, and G6P (3, 15, 24, 29) . The decrease in pool sizes of sugar phosphates with low-P was in part due to increased phosphatase activities (e.g. acid and alkaline phosphatases). However, it is also possible that the leaf sugar phosphate pools were depleted in response to increases in the capacities of the enzymatic pathways for the formation of phosphate-free carbon compounds, e.g. starch and sucrose.
In this regard, our results are consistent with the view that the enzymatic capacities for starch and sucrose synthesis were increased by low-P. For example, ADPG pyrophosphorylase activity, a key regulatory enzyme in starch synthesis pathway, was increased substantially by low-P (57%). Low-P treatment also increased the activities of FBP aldolase (53%) and chloroplastic FBPase (61%), two other enzymes in the starch synthesizing pathway (23) . With regard to the sucrose synthesizing pathway, three key enzymes were substantially increased by low-P: sucrose-phosphate synthase (97%), cytosolic FBPase (58%), and UDPG pyrophosphorylase (76%). Similar effects oflow-P on the sucrose synthesizing enzymes ofbarley seedlings were reported by Sicher and Kremer (29) . The increased capacities for starch and sucrose synthesis were sufficient to allow starch and sucrose to be accumulated in higher amounts in low-P leaves, despite increases in the starch degrading enzymes, ,B-amylase, starch phosphorylase, maltose phosphorylase, and maltase, and in the sucrose degrading enzyme, acid invertase.
The accumulation of photosynthate in leaf blades of low-P leaves was due to the fact that low-P treatment did not impair photosynthesis as much as it impaired carbon export. Over an 8 h period at light saturation, photosynthesis was reduced by about 35% by low-P while export was reduced by as much as 87%. This led to an accumulation of a large proportion of the net carbon fixed in the leaf blades of low-P leaves (Fig. 1) . Plants growing at the lower PFD (500 ,Amol m-2. s-') of the growth chamber did not exhibit such marked decreases of carbon export as at light saturation. Low-P reduced photosynthesis by 25% and export by 34% on average at growth chamber PFD. Over the diurnal cycle, export was decreased only 15% by low-P. However, the fact that, after 14 d of growth at low-P, leaf dry weight per area increased by 30% and the proportion of total plant dry matter invested in the leaf blades increased from 37 to 48% (23) shows that less carbon was exported from low-P leaves. Radin and Eidenbock (22) obtained similar results with cotton.
It is unclear why low-P had such a pronounced effect on carbon export. It is conceivable that the effect of low-P was mediated in the leaf blade itself, e.g. at the phloem loading step (9) . The loading of sugars into the phloem is known to have a large requirement for ATP (see ref. 8 for review), and there may be insufficient ATP in the low-P leaves to maintain export at a rapid rate (ATP levels were reduced as much as 60% in low-P leaves) (24) . However, sucrose concentrations in the fibrous roots, storage roots, and very young leaves of low-P plants were higher than in control plant (our unpublished data). This suggests that despite the reduction in export rate in the low-P treatment, sucrose was exported from leaves and accumulated in sinks in high concentrations. Sawada et al. (27) showed that when the growth of single-rooted leaves of soybean was decreased by low temperature, i.e. where sink size was reduced, there was an accumulation of starch and sucrose in the leaf. Low-P treatment diminished the growth of new leaves substantially, as well as the growth ofthe storage root and leaf petioles, which are sites of surplus sugar storage in sugar beets (33) . Thus, export in low-P plants may have been limited due to insufficient sink capacity for carbohydrate. Fibrous roots, however, did constitute an active sink for photosynthate because they continued to grow at reasonable rates under low-P conditions (23) .
Rates of carbon export in low-P leaves over the diurnal cycle were not correlated with leaf sucrose contents (Figs. 2  and 3B ). In light, export rates were greater in the control than in low-P while sucrose contents were lower; in darkness, export rates and sucrose contents were both higher in low-P leaves but did not seem to be correlated with each other over time. Several researchers have observed a positive correlation between carbon export and SPS activity (see ref. 31 for review). Such a correlation was found in darkness (see also refs. 17, 31) but not in the light.
There is evidence that plants undergo substantial adaptation to low P environments, a situation that plants frequently experience under natural conditions. For example, it is known that plants increase the activity of their phosphatases in response to P deficiency (see ref. 2 for review). The increases in the level of phosphatases in roots help to release phosphate bound up in root cell walls and perhaps even in the soil (32) . In leaves it is likely that the major role of phosphatases is to increase the availability of phosphate for photosynthesis and other important leaffunctions. This is especially evident from the present work since several phosphatases were substantially increased by low-P treatment.
We speculate that the physiological and metabolic changes which occur in response to P deficiency may be part of an adaptive strategy to low-P environments. Thus, as Pi becomes limiting to growth, changes in enzymatic pathways occur such that the amount of phosphate tied up in phosphorylated intermediates is reduced, and the amounts of phosphate-free carbon compounds are increased. This physiological adjustment increases the amount of Pi available for photosynthesis and other essential physiological functions. The storage of carbon in phosphate-free forms such as starch, sucrose and glucose provides carbon reserves for growth if and when P subsequently becomes available.
The Pi translocator would also serve a useful function in the adaptation to P deficiency since it functions as a mechanism for providing the chloroplast with a continuing supply of orthophosphate under conditions of low-P. Since the Pitranslocator ensures the uptake of 1 Pi for every triose-P exported from the chloroplast, the Pi content of the chloroplast is maintained at levels which permit substantial rates of photosynthesis, thereby permitting carbohydrate accumulation and also preventing potential damage to the photosynthetic apparatus from photoinhibition.
In conclusion, it would appear that in low-P adapted plants, carbon partitioning in leaves is influenced by the capacities of the enzymes for starch and sucrose metabolism. In low-P leaves, starch and sucrose were accumulated simultaneously while chloroplastic and leaf levels of sugar phosphates decreased markedly. These results cannot be explained by shortterm regulation in which, for example, an inhibition ofsucrose formation leads to a build-up of sugar phosphates in the chloroplast and therefore to an increase in the formation of starch. It seems more likely that the simultaneous increases in starch and sucrose at the expense of sugar phosphates under low-P stress were in part due to protein modification or protein turnover of the key enzymes involved in starch and sucrose metabolism.
